There is evidence that increased release of corticotropin-releasing factor (CRF) in the central nucleus of the amygdala (CeA) contributes to stress responsivity during cocaine withdrawal (WD). Recent studies suggest that tissue plasminogen activator (tPA) in the CeA is a downstream effector protein for CRF after acute "binge" cocaine administration. The purpose of this study was to determine if tPA modulates cocaine WD-induced stress responsivity. Wild-type (WT) and tPA-deficient (tPA 2 /2) mice were subjected to chronic (14 days) "binge" cocaine (45 mg/kg per day) or its acute (1 day) WD. Extracellular tPA activity, CRF mRNA levels, and plasma corticosterone (CORT) levels were measured in tPA 2 /2 and WT mice. Extracellular tPA activity was reduced by 50% in the CeA and medial amygdala of WT mice after chronic cocaine and returned to basal levels after acute WD. Unlike WT mice, tPA 2 /2 mice did not display elevated amygdalar CRF mRNA levels during cocaine WD. In comparison to WT mice, tPA 2 /2 mice showed a blunted plasma CORT response during acute WD. These results demonstrate that tPA activity in the amygdala (Amy) is altered by chronic cocaine exposure, and further suggest an involvement of tPA in modulating amygdalar CRF stress responsive system and hypothalamic -pituitary-adrenal axis in response to acute cocaine WD.
Introduction
It has been established that stress modulates the effects of drugs of abuse on the acquisition of drug selfadministration, locomotor activity, and reinstatement of drug self-administration after extinction [reviewed in Piazza and Le Moal (1997) and Kreek and Koob (1998)] . A growing body of evidence suggests that increased release of corticotropin-releasing factor (CRF) in the central nucleus of the amygdala (CeA) contributes to the anxiogenic and stress-like consequences of withdrawal (WD) common to all drugs of abuse (reviewed in Weiss et al. (2001) ]. Drug WDinduced anxiety and depression are considered to be important motivational factors for relapse to drugseeking behavior (Basso et al. 1999; Smith and Aston-Jones 2008) , and understanding the molecular underpinnings of this phenomenon could lead to better therapeutic strategies to combat addiction. A single dose of cocaine or acute (but not chronic) "binge" cocaine has been reported to induce CRF release from the rat CeA (Richter et al. 1995) , and then an increase in CRF mRNA in the amygdala (Amy; Zhou et al. 1996 ). An increase in the levels of extracellular CRF peptide and mRNA (Richter and Weiss 1999; Zhou et al. 2003a; Rudoy et al. 2009 ) and a decrease in CRF 1 receptor binding (Ambrosio et al. 1997) in the Amy are found in the rat undergoing WD from chronic cocaine exposure. The level of CRF-like immunoreactivity in the Amy is decreased during acute cocaine WD . Furthermore, an immunoneutralization study implicates amygdalar CRF in the mediation of anxiogenic effects during acute cocaine WD (Sarnyai et al. 1995) . These findings indicate that the interaction between CRF and its specific receptor may represent an important step in the neurobiological processes of anxiety associated with acute cocaine WD.
Cocaine and its acute WD stimulate the hypothalamic -pituitary -adrenal (HPA) axis in animal models of addiction (Moldow and Fischman 1987; Rivier and Vale 1987; Borowsky and Kuhn 1991; Zhou et al. 1996; Sarnyai et al. 1998; Mantsch et al. 2007 ). Although chronic "binge" cocaine treatment significantly enhances plasma corticosterone (CORT) levels, this effect was significantly blunted in comparison to the effects of acute cocaine on the HPA axis, indicating tolerance of HPA activity to chronic "binge" cocaine (Zhou et al. 1996) . There is also evidence that cocaine abuse disrupts HPA axis function in humans. Cocaine abuse increases plasma adrenocorticotropic hormone (ACTH), beta-endorphin, and cortisol levels (Mendelson et al. 1992; Baumann et al. 1995) . The effects of a challenge dose of cocaine or stress on ACTH secretion, however, are significantly lower in cocaine-dependent men than in occasional cocaine users or normal subjects (Mendelson et al. 1998; Back et al. 2010) , showing tolerance as found in the animal model after chronic "binge" cocaine (Zhou et al. 1996) . In an earlier study, higher basal plasma ACTH and cortisol levels were observed in cocaine addicts, 1 day after the cessation of cocaine use (Vescovi et al. 1992) . In contrast, other clinical studies have reported that after a brief period of abstinence, basal and CRFstimulated ACTH and cortisol levels in cocainedependent patients do not differ from or are even lower than those of healthy subjects (Mendelson et al. 1992 (Mendelson et al. , 1998 Baumann et al. 1995; Jacobsen et al. 2001; Aouizerate et al. 2006 ). Furthermore, recent human studies have found that psychological stressors elevate cocaine craving and HPA activity, and stress-induced HPA responses predict subsequent cocaine relapse (Sinha et al. 2003 (Sinha et al. , 2006 Brady et al. 2009 ).
The serine protease tissue plasminogen activator (tPA) has recently been implicated in modulating the biochemical and behavioral effects of various drugs of abuse (Yamada et al. 2005) . tPA is highly expressed in brain regions implicated in drug-induced anxiety and reward, including the medial amygdala (MeA), CeA, and nucleus accumbens (NAc), where it is thought to regulate a cascade of proteolytic events involved in neurite outgrowth and long-term potentiation (Samson and Medcalf 2006) . tPA is released from neurons upon excitation (Gualandris et al. 1996; Baranes et al. 1998 ) and facilitates synaptic plasticity and the formation of new synapses (Centonze et al. 2002; Samson and Medcalf 2006) . tPA can also directly modulate synaptic plasticity events by regulating N-methyl D-aspartate receptor function (Nicole et al. 2001; Norris and Strickland 2007) .
Recent studies implicate a role for tPA in cocaine addiction. Cocaine induces tPA mRNA expression in the prefrontal cortex and NAc (Hashimoto et al. 1998; Bahi and Dreyer 2008) . Acute "binge" cocaine enhances tPA activity in the central and medial nucleus of the Amy by a mechanism that requires activation of CRF 1 receptors (Maiya et al. 2009 ). Further, cocaine-induced neuronal signaling and immediate early gene expression in the Amy and NAc, as well as its rewarding effects (as measured by conditioned place preference) are attenuated in tPA-deficient (tPA 2 /2 ) mice (Maiya et al. 2009 ). It has also been shown that tPA is involved in modulation of cocaine-induced locomotor stimulation and sensitization (Ripley et al. 1999; Bahi and Dreyer 2008; Maiya et al. 2009) . tPA has been shown to modulate morphine-induced dopamine release in the NAc and is required for morphine reward and locomotor sensitization (Nagai et al. 2004; Yan et al. 2007) . In studies of stress, tPA also regulates stressinduced anxiety-like behavior (Pawlak et al. 2003; Norris and Strickland 2007) . Finally, tPA activity in the Amy is regulated by CRF, a critical component of the behavioral response to stress (Matys et al. 2004) .
Since the stress responsive CRF system is critically involved in cocaine WD, we examined the role of tPA in regulating the CRF system in the Amy and HPA axis after chronic cocaine and its acute WD in both wild-type (WT) and tPA 2 /2 mice. First, our results show that chronic "binge" cocaine and 1-day acute WD dynamically regulate tPA activity, possibly by altering the expression of its cognate inhibitor plasminogen activator inhibitor-1 (PAI-1) in the Amy. Second, cocaine WD-induced increase in amygdalar CRF mRNA expression as well as activation of the HPA axis is impaired in tPA 2 /2 mice. Together, these results implicate a novel role for tPA in modulating the stress-responsive CRF system and HPA axis in response to acute cocaine WD.
Methods
WT and tPA-deficient (tPA 2 /2 ) mice and "binge" cocaine administration tPA 2 /2 mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA) where the mutation was backcrossed onto a C57B6 background for eight generations. These mice were then bred at The Rockefeller University's animal facility, where they were backcrossed to C57B6 mice (WT) for an additional 10 generations. Genome-wide microsatellite marker analysis (performed by Charles River Laboratories, Wimington, MA, USA) revealed that tPA 2 /2 mice bred in The Rockefeller University facility are 99.1% identical to and hence congenic to C57B6 mice. WT mice were obtained from The Jackson Laboratory at 6 weeks-of-age and housed individually in a stressminimized animal facility for 2-4 weeks before use and were provided with free access to food and water.
Y. Zhou et al. 482 In the present study, male WT and tPA 2 /2 mice were used and housed in the same room under identical conditions. We followed the Principles of Laboratory Animal Care (NIH publication no 86-23, 1996) . The specific protocol was approved by Animal Care and Use Committee of Rockefeller University. During all experimental procedures, the number of mice and potential suffering by treatments were minimized.
After adaptation to a standard 12-h light/dark cycle (lights on from 9:00 h to 21:00 h) for 3-4 weeks, animals were randomly assigned to treatment groups. On the experimental day, animals received three intraperitoneal (i.p.) injections of cocaine 45 mg/kg per day (3 £ 15 mg/kg per injection) or an equal volume of saline in their home cages in a "binge" pattern: three times daily at 1-h intervals (9:30, 10:30, and 11:30) . The cocaine dose and dosing schedule were chosen to mimic the pattern often observed in human cocaine abusers which is repeated administration over several hours in the evening, and with relation to the circadian rhythm of rest and activity (thus, in the early light time in the rat; Koob and Kreek 2007) . Experiments were performed as follows: (1) Chronic cocaine: WT mice (n ¼ 7 -8/group) or tPA 2 /2 mice (n ¼ 6/group) received chronic "binge" cocaine or saline for 14 days and were then sacrificed 30 min after the last injection on day 14 and (2) 1-day WD: WT mice (n ¼ 8/group) or tPA 2 /2 mice (n ¼ 5 -6/group) received chronic "binge" cocaine or saline for 14 days and were then sacrificed 24 h after the last injection for 1-day WD. Each experiment had four groups: (1) WT or (2) tPA 2 /2 mice treated with saline; (3) WT or (4) tPA 2 /2 mice treated with "binge" cocaine. Mice were decapitated after brief exposure to CO 2 (within 15 s), and specific brain and pituitary regions and plasma were collected for subsequent mRNA and hormonal analysis.
In situ zymography
In situ zymographies were performed as described before (Pawlak et al. 2003; Maiya et al. 2009 ). Briefly after chronic cocaine or 1-day WD, WT mice (n ¼ 3 -4/group) were anesthetized and perfused transcardially with ice-cold phosphate-buffered saline. Brains were removed, frozen, and embedded in optimal cutting temperature compound (TissueTek, Sakura USA, Torrance, CA, USA). Zymographies were performed on coronal brain sections (20 mm) collected on silane-coated slides. Sections were overlaid with an agarose mixture containing 2.5% commercial instant nonfat milk and 25 mg/ml purified human plasminogen. The zymograms were developed in a humidified chamber at 378C for 2.5 h and photographed in grayscale under dark field illumination. Lytic zone areas were measured using IMAGEJ 1.30 software. The Zymograms used for comparisons were processed and photographed at the same time.
PAI-1 ELISA
The ELISA was performed using a PAI-1 total antigen kit (Molecular Innovations, Southfield, MI, USA), and PAI-1 standards were prepared according to manufacturer's instructions. After chronic cocaine or 1-day WD, WT mice (n ¼ 3 -4/group) were sacrificed and the Amy was dissected bilaterally and homogenized, and the resulting homogenate was used to determine PAI-1 levels. ELISA was performed with duplicate samples using 200 mg protein per well according to manufacturer's instructions.
Brain dissection and preparation of RNA extracts
Each mouse brain was removed from the skull and placed in a chilled mouse brain matrix (ASI Instruments, Houston, TX, USA). Coronal slices containing the brain regions of interest were removed from the matrix and dissected on a chilled petri dish under a dissecting microscope, according to the mouse brain stereotaxic coordinates. Three regions were dissected as follows: the Amy, hypothalamus (Hypo), and anterior pituitary (AP). Then, the tissue was homogenized in guanidinium thiocyanate buffer and extracted with acidic phenol and chloroform (Chomczynski and Sacchi 1987) . After the final ethanol precipitation step, each extract was re-suspended in diethylpyrocarbonate (DEPC)-treated H 2 O and stored at 2808C.
Solution hybridization ribonuclease (RNase) protection assays
A 760-bp fragment of mouse CRF cDNA, a 2500-bp fragment of mouse CRF 1 receptor cDNA, and a 476-bp fragment from the rat proopiomelanocortin (POMC) cDNA were subcloned into the polylinker region of the pSP64, pSP65, or pcDNA plasmid (Promega, Madison, WI, USA). The 33 P-labeled cRNA antisense probes and unlabeled cRNA sense standards were synthesized using SP6 or T7 transcription system. A denaturing agarose gel containing 1.0 M formaldehyde showed that a single full-length transcript had been synthesized from each plasmid. As described previously (Zhou et al. 1996) , RNA extracts were resuspended in 30 ml buffer that contained 150 to 300 K cpm of a probe in 2 £ TESS (10 mM Tris-HCl, pH 7.4; 10 mM EDTA; 0.3 M NaCl; 0.5% SDS) and hybridized overnight at 758C. For RNase treatment, 250 ml of buffer containing 0.3 M NaCl, 5 mM EDTA, 10 mM Tris -HCl (pH 7.5), 40 mg/ml RNase A (Worthington Biochemicals, Freehold, NJ, USA), and 2 mg/ml RNase T1 (Calbiochem, San Diego, CA, USA) was added, and each sample was incubated at 308C for 1 h. Trichloroacetic acid (TCA) precipitation was effected by 1 ml of 5% TCA and 0.75% sodium pyrophosphate. Precipitates were collected onto a filter by using a cell harvester (Brandel, Gaithersburg, MD, USA) and were measured in a scintillation counter with tPA modulates acute cocaine withdrawal 483 liquid scintillant (Beckman Instruments, Palo Alto, CA, USA). The procedure to measure mRNA levels involved comparison of values obtained from brain extracts to those obtained for a set of calibration standards. The calibration standards had known amounts of an in vitro sense transcript (1.25-80 pg).
A new standard curve was generated each time experimental samples were analyzed, and all extracts of a particular tissue were assayed for each mRNA as a group on a single day. Total cellular RNA concentrations were measured by hybridization to a 33 Plabeled probe complementary to 18S rRNA. The calibration standards for this curve contained 2.5-40 ng of total RNA from mouse brain. Selected samples of mouse pituitaries were subjected to solution hybridization and RNase treatment followed by gel electrophoresis (see Zhou et al. 1996 , for validation and details).
Plasma CORT radioimmunoassay
At the time of decapitation, blood from each mouse was collected, and plasma was separated using refrigerated centrifuges and then stored at 2 808C. CORT levels were assayed by using a mouse CORT 125 I kit (MP Biomedicals, Costa Mesa, CA, USA). All CORT values were determined in duplicate in a single assay, and the intra-assay coefficient of variation was 2.2%.
Data analysis
Multiple group comparisons were analyzed by twoway analysis of variance (ANOVA). Within genotype (WT or tPA 2 /2 ), group differences in tPA, PAI-I, and mRNA levels of each gene in each brain region and in plasma CORT levels were analyzed using twoway ANOVA for treatment (cocaine/saline) and for treatment day (14 days cocaine, 1-day WD), followed by Newman -Keuls post-hoc tests. In some cases, a Student's t-test was used as indicated. The accepted level of significance for all tests was p , 0.05. All statistical analyses were performed using Statistica (version 5.5, StatSoft, Inc., Tulsa, OK, USA).
Results
Effects of chronic "binge" cocaine exposure and its acute WD on tPA and PAI-1 levels in the Amy and hippocampus of WT mice WT mice were injected with cocaine in chronic "binge" paradigm and were sacrificed 30 min or 24 h after the final cocaine injection. Extracellular tPA activity in the Amy and hippocampus (Hipp) was determined by in situ zymography. In the CeA and the MeA, tPA activity was decreased significantly by approximately 50% after chronic cocaine ( Figure 1A,C) . Two-way ANOVA showed a significant main effect of chronic cocaine treatment [F(1,10) ¼ 5.64, p , 0.05]. NewmanKeuls post-hoc tests revealed that tPA activity was significantly decreased in the CeA and MeA of WT mice after 14 days chronic "binge" cocaine in comparison to that of saline-injected mice ( p , 0.05). Significant differences were also found between chronic "binge" cocaine and acute 1-day WD groups ( p , 0.01). After 1 day WD from chronic cocaine, however, amygdalar tPA activity in cocaine-injected animals was not different from that of saline-injected mice ( Figure 1B,C) . tPA activity in the Hipp remained unchanged at both time points (Figure 1A,B) . These results suggest that chronic cocaine and its acute WD result in dynamic changes in tPA activity in the CeA and MeA, but not the Hipp.
To explore the mechanism behind this dynamic regulation of tPA activity, we examined levels of PAI-1, an inhibitor of tPA activity, in the Amy. Chronic cocaine administration significantly increased PAI-1 levels in the Amy by two fold in comparison to saline administration (Figure 2 ). Two-way ANOVA revealed a significant main effect of chronic cocaine treatment [F(1,14) ¼ 9.10, p , 0.01]. NewmanKeuls post-hoc tests revealed that PAI-1 levels were significantly increased in cocaine-treated animals after 14 days chronic "binge" cocaine, compared to those of their saline-injected counterparts ( p , 0.01). However, there was no statistical difference in PAI-1 levels between saline-and cocaine-injected WT mice during acute 1-day WD (Figure 2) . Together, our data suggest that cocaine-induced changes in PAI-1 may underlie alterations in tPA activity observed during chronic cocaine and acute WD. tPA 2 /2 mice display impaired amygdalar CRF mRNA response upon cocaine WD Acute WD from chronic cocaine exposure activates the stress responsive CRF system in rodents (reviewed in Weiss et al. 2001 ). Recent studies have also shown that acute "binge" cocaine enhances tPA activity in the Amy in a CRF/CRF 1 receptor-dependent manner (Maiya et al. 2009 ). Hence, we examined CRF and CRF 1 receptor mRNA levels in the Amy after chronic "binge" cocaine and its acute WD in both WT and tPA 2 /2 mice. In the Amy of WT mice, two-way ANOVA revealed a significant effect of cocaine treatment £ treatment day interaction [F(1,18) ¼ 4.88, p , 0.05] for CRF mRNA levels. Newman-Keuls post-hoc tests revealed that there was a significant increase in CRF mRNA levels after acute 1-day WD, compared to those after 14 days chronic "binge" cocaine ( p , 0.05), suggesting that acute cocaine WD enhanced CRF gene expression when compared to chronic cocaine exposure ( Figure 3A) . Consistent with previous studies carried out in rats (Zhou et al. 2003a ), acute cocaine WD-induced increases in CRF mRNA levels in mice displayed a trend toward significance in comparison to their saline-injected counterparts (Student's t-test Y. Zhou et al. 484 F(1,9) ¼ 4.34, p ¼ 0.06). In contrast, chronic cocaine and its acute WD did not alter CRF mRNA levels in the Amy of tPA 2 /2 mice ( Figure 3C ). Since CRF mediates most of its biochemical and behavioral effects on anxiety through the CRF 1 receptor, we examined CRF 1 receptor mRNA levels in both WTand tPA 2 /2 mice after chronic cocaine and acute WD. CRF 1 receptor mRNA levels were unaltered in the Amy at either time points in WT mice ( Figure 3B ). Although two-way ANOVA revealed a significant effect of treatment day in tPA 2 /2 mice [F(1,16) ¼ 6.08, p , 0.05], Newman -Keuls post-hoc tests did not reveal any significant changes of CRF 1 receptor mRNA levels at either time point ( Figure 3D ). tPA 2 /2 mice display impaired plasma CORT response upon cocaine WD WD from chronic "binge" cocaine activates the HPA axis in the rat (Zhou et al. 2003a ). Therefore, we measured plasma CORT levels (a marker of HPA axis activation) in both WT and tPA 2 /2 mice.
In WT mice, two-way ANOVA showed a significant effect of cocaine treatment [F(1,27) ¼ 26.3, p , 0.001] ( Figure 4A ). Newman-Keuls post-hoc tests further revealed that plasma CORT levels 30 min after the last injection on day 14 following chronic "binge" cocaine were significantly higher than those in saline control ( p , 0.01). After 1-day WD, plasma CORT levels were also significantly higher than those in saline control ( p , 0.01). Plasma CORT levels after 1-day acute WD were not different from those after 14 days chronic cocaine.
In tPA 2 /2 mice, two-way ANOVA showed a significant effect of cocaine treatment [F(1,19) ¼ 7.54, p , 0.05] ( Figure 4B ). Similar to WT mice, plasma CORT levels 30 min after the last injection on day 14 following chronic "binge" cocaine were significantly higher than those in saline control (Newman -Keuls post-hoc tests, p , 0.05). However, Y. Zhou et al. 486 in contrast to WT mice, plasma CORT levels after 1-day acute WD were not higher than those in saline control. These results suggest that tPA 2 /2 mice display impaired activation of the HPA axis during acute cocaine WD, and hence tPA may be necessary for this mechanism.
tPA 2 /2 mice display decreased POMC mRNA levels in the AP during cocaine WD To determine whether chronic "binge" cocaine or its WD induced changes in HPA activity is associated with changes in CRF, CRF 1 receptor, and POMC mRNA expression in the Hypo or AP, we examined the above mRNA levels in both WT and tPA 2 /2 mice. CRF and CRF 1 receptor mRNA levels were unchanged in the Hypo or AP after either chronic cocaine or acute WD in both genotypes (Table IA,B) . POMC, a precursor of ACTH and beta-endorphin, was not altered in the AP of WT mice. In tPA 2 /2 mice, however, two-way ANOVA revealed a significant effect of cocaine treatment [F(1,21) ¼ 4.36, p , 0.05]. Newman -Keuls post-hoc tests revealed that cocaineinjected tPA 2 /2 mice undergoing acute WD showed significantly lower POMC mRNA levels in the AP compared to saline-injected tPA 2 /2 mice (Table IB) .
Discussion
It has been recently found that acute (1 day) "binge" cocaine enhances tPA activity in the CeA and MeA of WT mice through a CRF 1 receptor-mediated mechanism (Maiya et al. 2009 ). This increase in tPA activity by acute "binge" cocaine seems regionspecific, because the alteration of tPA activity was not found in other brain regions of WT mice, including the NAc, frontal cortex, and Hipp (Maiya et al. 2009 ). The present study further investigated the effects of chronic "binge" cocaine and its acute WD on tPA activity. In sharp contrast to the acute effect, chronic "binge" cocaine dramatically decreased tPA activity by 50% in the CeA and MeA of WT mice in comparison to saline. tPA activity returned to basal levels 24 h after the final injection of cocaine. A two fold increase in amygdalar PAI-1, an inhibitor of tPA activity, was observed in WT mice after chronic "binge" cocaine, temporally coinciding with the decrease in the tPA activity. This increase in PAI-1 levels in the Amy was not observed in WT mice undergoing acute cocaine WD. These results suggest that chronic cocaine and acute WD can dynamically regulate tPA and PAI-1 activity in the Amy, and that the tPA/plasmin system may play a role in the behavioral effects of chronic cocaine and WD. For example, one could suggest that such cocaine-induced decrease in tPA activity is an adaptive change that may function to limit the activation of CRF mechanisms that contribute to WD-related HPA axis (see below).
It is hypothesized that drug WD-induced increases in amygdalar CRF activity play an important role in drug WD-related anxiety . In fact, administration of CRF antagonists has been shown to reduce cocaine-and alcohol-induced anxiety-like behaviors (Basso et al. 1999; Valdez et al. 2002) . In rats, acute cocaine WD stimulates CRF release and gene expression in the CeA (Richter and Weiss 1999; Zhou et al. 2003a; Rudoy et al. 2009 ). Acute morphine WD also increases extracellular levels of CRF peptide CRF mRNA (McNally and Akil 2002; Befort et al. 2008 ) and decreases CRF 1 receptor mRNA (Iredale et al. 2000) in the Amy of both rats and mice. An increase in extracellular levels of CRF in the CeA is also found in rats during acute WD from chronic ethanol (Merlo Pich et al. 1995; Olive et al. 2002) or cannabinoid (Rodriguez de Fonseca et al. 1997) Table I . mRNA levels of CRF, CRF type 1 receptor (CRF-R1) or POMC (pg/mg RNA) in the Hypo or AP in the wildtype (WT) (A) and tPA-deficient (tPA 2 /2) (B) mice were examined 30 min after 14 days of chronic "binge" pattern cocaine administration (Chronic Coc) or saline (Chronic Sal) and 1 day after 14 days of Chronic Coc or Chronic Sal as 1-day WD Coc or 1-day WD Sal. tPA modulates acute cocaine withdrawal 487 exposure. The results from the present study demonstrate that chronic "binge" cocaine had no effect on CRF mRNA levels in the Amy of WT mice; however, acute WD from chronic "binge" cocaine significantly increased CRF mRNA levels in the Amy. This finding is consistent with most previously published reports (e.g., Zhou et al. 2003a; Rudoy et al. 2009 ). Recent studies suggest that tPA is a downstream effector protein for CRF in the Amy. Central injections of CRF (Matys et al. 2004 ) as well as acute "binge" cocaine exposure (Maiya et al. 2009 ) increase tPA activity in the CeA and MeA in a CRF 1 receptordependent manner. Hence, we expected amygdalar tPA activity after chronic "binge" cocaine and its acute WD to parallel the changes of CRF mRNA levels. Surprisingly, we did not observe a strong temporal association between the changes in CRF mRNA levels and tPA activity at these two time points. It is possible that a temporal connection exists between tPA activity and CRF peptide levels, rather than CRF mRNA levels. Alternatively, our results suggest that chronic "binge" cocaine-induced changes in tPA activity in WT mice might occur in a CRF-independent manner. In contrast to the WT mice, amygdalar CRF mRNA levels were unchanged during acute cocaine WD in tPA 2 /2 mice. Although the mechanism is unclear, it is possible that tPA is involved in the alterations of CRF gene expression in cocaine WD.
We also compared HPA axis activation in WT and tPA 2 /2 mice after chronic "binge" cocaine and its acute WD. Consistent with previous observations in rats (Zhou et al. 2003b) , there was a significant elevation of plasma CORT levels in WT mice after acute WD from chronic "binge" cocaine administration. Another study found that rats trained to selfadminister a moderate dose of cocaine (0.5 mg/kg per infusion) show an increase in plasma CORT levels after 1 day cessation from cocaine self-administration (Peltier et al. 2001) . Our findings also agree with other observations of increased plasma CORT levels after acute cocaine WD (Borowsky and Kuhn 1991; Levy et al. 1992; Sarnyai et al. 1998; Carrasco et al. 2006; Cleck et al. 2008) . Interestingly, plasma CORT levels were not elevated in tPA 2 /2 mice undergoing WD, suggesting that cocaine WD induced-activation of the HPA axis is attenuated in these mice. This is not likely due to a general hyporesponsivity of the HPA axis in the tPA 2 /2 mice as deficits were not observed after acute (1 day) cocaine-induced HPA activation in tPA 2 /2 mice (Maiya et al. 2009 ). In fact, chronic (14 days) "binge" cocaine increased plasma CORT levels in both the WT (92%) and tPA 2 /2 mice (71%) in comparison with saline, and the magnitude of CORT elevation did not differ significantly between the two genotypes in the present study. One possibility that arises from this result is that tPA 2 /2 mice seem deficit in cocaine WD-induced HPA axis activation.
To determine whether the changes in HPA responsivity after chronic "binge" cocaine and during acute WD are associated with alterations in HPA gene expression, we measured mRNA levels of several components of the HPA axis: CRF mRNA levels in the Hypo, as well as CRF 1 receptor and POMC mRNA levels in the AP. Consistent with our previous study in rats, we found that acute cocaine WD did not alter the above mRNA levels in WT mice. However, a significant decrease in pituitary POMC mRNA levels was observed after acute cocaine WD in tPA 2 /2 mice. The mechanism involved in the interactions between POMC gene expression in the corticotropes and tPA during acute cocaine WD is not clear. However, since POMC is the precursor of ACTH and beta-endorphin, one would expect decreased ACTH biosynthesis and release from the AP, and a consequent impairment in pituitary -adrenal responses during cocaine WD in tPA 2 /2 mice.
In summary, our results here indicate that chronic "binge" cocaine and its acute WD can dynamically modulate tPA activity in the Amy of WT mice. Although the biochemical measures in WT mice did not show strong temporal correlations between amygdalar tPA and CRF gene expression after chronic "binge" cocaine and during acute WD, our study in tPA 2 /2 mice clearly suggests a potential novel role for tPA in modulating the stress responsive CRF system in the Amy and the HPA axis in response to acute cocaine WD. Since activation of the stress responsive CRF system during cocaine WD is thought to be involved in cocaine-seeking behavior in animals (Markou et al. 1998; Miczek et al. 2004; Koob and Kreek 2007; Koob 2008 ) and cocaine relapse in humans (Sinha et al. 2006; Back et al. 2010; Brady et al. 2009 ), one interesting hypothesis that stems from our study is that tPA may play a role in modulating cocaineseeking behaviors. Therefore, it may be worthwhile to explore the usefulness of tPA inhibitors for the management of cocaine abuse. Our studies indicate that tPA may be an attractive therapeutic target for treating anxiety associated with cocaine addiction.
